The complete mitochondrial DNA sequence contains useful information for phylogenetic analyses of metazoa. In this study, the complete mitochondrial DNA sequence of sea cucumber Stichopus horrens (Holothuroidea: Stichopodidae: Stichopus) is presented. The complete sequence was determined using normal and long PCRs. The mitochondrial genome of Stichopus horrens is a circular molecule 16257 bps long, composed of 13 protein-coding genes, two ribosomal RNA genes and 22 transfer RNA genes. Most of these genes are coded on the heavy strand except for one protein-coding gene (nad6) and five tRNA genes (tRNA Ser(UCN) 
With few exceptions, all animal mitochondrial DNAs (mtDNA) contain 37 genes that include 13 protein coding genes (PCGs), two RNA genes (12S RNA and 16S RNA), and 22 tRNA genes necessary for translation of the proteins coded by the mtDNA [1] . Because of its compact size, multiple copy status in a cell, rapid evolutionary rate and lack of recombination, mtDNA has been extensively used as a marker for evolutionary and genetic diversity studies and for the identification of species [2] . Studies into the phylogenetic relationship of metazoans based on mitochondrial genomic sequences have become increasingly popular [3, 4] . In addition to mtDNA sequence data, the order of the mitoAbbreviations: atp6 and 8, ATPase subunits 6 and 8; cob, cytochrome b; cox1-3, cytochrome c oxidase subunits I-III; nad1-6 and 4L, NADH dehydrogenase subunits 1-6 and 4L; srRNA and lrRNA, small and large subunits ribosomal RNA; tRNA, transfer RNA (tRNA) genes; mtDNA: mitochondrial DNA; bp, base pair(s); L1, tRNA Leu(CUN) ; L2, tRNA Leu(UUR) ; S1, tRNA Ser(AGN) ; S2, tRNA Ser(UCN) .
chondrial genes in the sequence has received extensive attention as a phylogenetic marker [1, [5] [6] [7] . Major rearrangements have been found in the mtDNA of echinoderms and comparisons of these gene arrangements have great potential for resolving some of the deepest branches of echinoderm phylogeny [5, [8] [9] [10] [11] [12] . The class Holothuroidea, also known as sea cucumber, is one of five echinoderms. It includes more than 1400 described species around the world [13] . However, the phylogenetic relationships of these holothurians have not been fully resolved [14] . Because of a fundamental assumption that shared gene arrangements imply common ancestry, a comparison of the gene arrangements in holothurians mtDNA may resolve contentious evolutionary relationships [15] .
Stichopus horrens is found in the Pacific Ocean from Malaysia to the Society Islands, around French Polynesia, and from southern Japan and Hawaii to New Caledonia [16] . The body of S. horrens is grey-brown with irregular grey-white spots [16] . It is cryptic and lethargic by day, and can be found in cracks, caves and crevasses in the rocky substrate at night [17] . It is used as food in China [18] .
In this study, we sequenced the complete mitochondrial genome of Stichopus horrens and, by comparing S. horrens mtDNA with the mtDNA from four other holothurians, found a novel gene arrangement in the Holothuroidea class. The present study contributes new data which could be used for both genomic and evolutionary research on Holothuroidea.
Materials and methods

Sample collection and identification
Adult S. horrens were collected subtidally by scuba diving in the Xisha islands, Hainan Province, China. The samples were fixed in 100% ethanol, transported to the laboratory and stored at −20°C. Ossicles were observed by scanning electronic microscopy (SEM). The dorsal body walls were treated with 10% sodium hypochlorite solution for 1-2 min. The digests were then rinsed four times in distilled water, dried, coated with gold-palladium in a sputter coater (Hitachi, E-1010) and examined with a SEM (Hitachi, S-3400N). Species identification was based on the taxonomic descriptions of dermal ossicles by Liao [19] and Massin et al. [16] .
DNA extraction
S. horrens DNA was extracted from about 30 mg of sea cucumber muscle tissue using the TIANamp Marine Animals DNA Kit (Tiangen Biotech Co. Ltd., China) and stored at −20°C until required.
PCR amplification and sequencing
The sequence of the complete mitochondrial genome of S. horrens was determined using normal and long PCRs. All PCRs were performed using a PTC-100 thermal cycler (MJ Research, USA). All primers used in this study and their thermal cycling profiles are shown in Table 1 . Four short fragments of IrRNA, cox1, cob and cox3 were first amplified using three universal primers, 16sb/coIer [20] , cobF424/ cobR876 [21] , and cox3F/cox3R [21] , and 16s1F/16s1R designed in this study ( cloned into PMD18-T vectors (TaKaRa, Japan). The resultant plasmid was sequenced using the versatile primer M13-47F/M13-47R on ABI 3730 (ABI, USA). The whole mitochondrial genome was then amplified using a long PCR technique [22] . Three pairs of primers, cox1-3F/cox1-3R, cox3-cobF/cox3-cobR and cob-16sF/cob16sR, were designed based on the obtained partial sequences and the entire mitochondrial genome was amplified ( Table 1) All PCR products were sequenced directly on ABI 3730 (ABI, USA) using primer walking.
Sequence analysis
All the obtained sequences were confirmed using the NCBI BLAST search and assembled using SeqMan software (DNAStar, Madison, USA). PCGs and ribosomal RNA genes were determined by aligning the sequences with the Apostichopus japonicus mitochondrial genome [12] . Transfer RNAs were identified using tRNAscan-SE software (version 1.21) [23] in the 'default' search mode, using the echinoderm mitochondrial genetic code, 'mito/chloroplast' source and by setting the cove cutoff score to 1 when necessary. Nucleotide composition and code usage were estimated with the MEGA4.0 program [24] . Composition skewness was calculated according to the formulas: GC skew=(G%−C%)/ (G%+C%), AT skew=(A%−T%)/(A%+T%) [25] . The gene map of the mitochondrial genome was created with OGDRAW v1.1 [26] and modified manually.
Analysis of the mtDNA gene order
The complete mtDNA sequences of four other holothurians, Holothuria forskali (FN562582), Apostichopus japonicus (EU294194) [12] , Parastichopus nigripunctatus (AB525762) and Cucumaria miniata (NC_005929) [27] , are currently available in GenBank. These along with the complete mtDNA sequence of S. horrens were used to analyze the arrangement of the mtDNA genes.
Results and discussion
Species identification
Two different kinds of table ossicles (TB1 and TB2), C-shaped rods and rosettes were observed in the dorsal body walls of S. horrens (Figure 1 ). The size, structure and shape of these ossicles were in agreement with previous studies [16, 19] . The tack-like Figure 1A ) [16, 28] .
Mitochondrial genome organization
The complete mtDNA sequence of S. horrens was determined using normal PCR and long PCR. As found in other metazoans, the DNA is a circular double helix, 16257 bp in length with 13 PCGs, 22 transfer RNAs and 2 ribosomal RNA genes ( Figure 2 and , tRNA Asp ) coded for on the light (L)-strand, all the other genes were coded for on the heavy (H)-strand ( Figure 2 and Table 2 ). The overall base composition of the H-strand was estimated to be 30.8% A, 23.7% C, 16.2% G, and 29.3% T. The G+C content of S. horrens mtDNA is 39.9%, higher than that of A. japonicus/P. nigripunctatus (38.1%), H. forskali (37.8%) and C. miniata (36.2%) ( Table 3 ). The AT skew for the 5 holothurian mtDNAs is positive (0.010 to 0.119), indicating a slight bias toward A rather than T ( Table 3 ). The GC skew for the 5 holothurian mtDNAs is negative (−0.271 to −0.055), indicating the occurrence of more Cs than Gs (Table 3) . The entire mtDNA sequence of S. horrens has been deposited in GenBank (accession number: HQ000092). 
Protein-coding genes
Together, the 13 mitochondrial PCGs in S. horrens are 11397 bp in length, longer than the PCGs in the other four holothurians (Table 3 ). The longest PCG in S. horrens is nad5 (1845 bp) and the shortest is atp8 (177 bp) ( Table 2 ). The initiation codon for all 13 PCGs is ATG (Table 2) . Two genes nad3 and nad4 use TAG as the termination codon; the others, atp6, atp8, cob, cox1-3, nad1-2, nad4L and nad5-6, all use TAA as the stop codon ( Table 2 ). There are a total of 3799 codons in the 13 mitochondrial PCGs. The most frequently used amino acids are Leu (16.29%), Ser (10.34%), Ile (9.61%) and Phe (8.37%) ( Table 4 ). The highest GC content among the 13 PCGs of S. horrens mtDNA is in nad3 (43.7%) and the lowest is in atp8 (32.8%) ( Table 5 ). All the PCGs have a small GC skew of −0.399 to −0.105. Four PCGs, atp8, nad4, nad5 and nad6, have a slight positive AT skew while the other nine PCGs have a negative AT skew (Table 5) . [12] . All tRNA gene sequences can potentially fold into typical clover-leaf secondary structures. The G+C content of the tRNAs is 37.2%, within the range observed for other holothurians (Table 3 ).
An NCBI BLAST search found matches to the lrRNA and srRNA genes in the S. horrens mtDNA genome. These two rRNAs are coded for on the H-strand. The S. horrens homolog of the lrRNA gene is 1642 bp in length and lies between the PCGs nad2 and cox1. The S. horrens homolog of the srRNA gene is 820 bp long and flanked by tRNA Phe and tRNA Glu . The G+C content (39.8%) of the S. horrens rRNA genes is highest of the five holothurians.
Non-coding regions
The total length of the non-coding regions of the S. horrens mtDNA was found to be 902 bp. The largest continuous non-coding region (675 bp) is located between tRNA Thr and Figure 3 Linearized representation of the conserved mitochondrial gene order for five holothurians. All genes are coded for on the H-strand except those that are underlined; they are coded for on the L-strand. Gene segments are not drawn to scale.
tRNA Pro ( Table 2 ). Because this region is AT-rich (AT%= 58.1) and located in a region that is similar to the control region of A. japonicus mtDNA [12] , this region is thought to be a putative control region in the mtDNA of S. horrens. The second largest non-coding region (50 bp, AT%=60) is located between the tRNA Tyr and tRNA Gly genes.
Gene rearrangements
Mitochondrial gene arrangement comparison is a powerful tool for phylogenetic studies [15] . During the past decade, some research on mitochondrial gene orders in echinoderms has been reported [1, 5, 8, 11, 12] . Shared gene arrangements likely indicate common ancestry [11] . The mechanisms of genome rearrangement include inversion, transposition, reverse transposition and tandem duplication random loss (TDRL) [8] .
In this study, five currently available holothurian mitochondrial genomes were used to analyze mtDNA gene arrangements. The order of the genes on the mitochondrial genomes of A. japonicus, P. nigripunctatus and H. forskali is identical. The arrangement of genes in these genomes was used as the reference in this study (Figure 3) . When compared with this pattern, a single TDRL event was found in C. miniata mtDNA [5] and a transposition event which moved tRNA Met (gene M) from the 3′ end of tRNA Val (gene V) to the 3′ end of tRNA Gly (gene G) was found in S. horrens mtDNA (Figure 3) . These results confirm earlier reports that tRNA genes may be among the most mobile elements in the mtDNA genome. This novel arrangement of Holothuroidea mitochondrial genes is reported here for the first time. The order of 21 echinoderm mitochondrial genes was compared and described by Shen et al. [12] . The gene arrangement of S. horrens mtDNA is also unique among the reported arrangement of echinoderm genes.
Another complete sea cucumber mitochondrial genome from the genus Stichopus was also available to us. We found that the mitochondrial gene order of the Stichopus was identical to that of S. horrens (date not shown). Thus, we propose that this mitochondrial gene arrangement is a feature of sea cucumbers belonging to the genus Stichopus. More sea cucumber mtDNA sequences are needed to prove this supposition.
Conclusion
In this study we presented the complete mtDNA sequence of the sea cucumber Stichopus horrens and found a novel gene arrangement in the Holothuroidea mitochondrial genome. Our results provide basic information required for the phylogenetic analyses of the holothurians that can also be applied to the echinoderms. 
